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Abstract: The 2030 Agenda for Sustainable Development set 17 Sustainable Development Goals
(SDGs). These include ensuring access to affordable, reliable, sustainable and modern energy for all
(SGD7) and making cities and human settlements inclusive, safe, resilient and sustainable (SGD11).
Thus, across the globe, major cities are moving in the smart city direction, by, for example, incorporating
photovoltaics (PV), electric buses and sensors to improve public transportation. We study the concept
of integrated PV bus stop shelters for the city of Lisbon. We identified the suitable locations for
these, with respect to solar exposure, by using a Geographic Information System (GIS) solar radiation
map. Then, using proxies to describe tourist and commuter demand, we determined that 54% of all
current city bus stop shelters have the potential to receive PV-based solutions. Promoting innovative
solutions such as this one will support smart mobility and urban sustainability while increasing
quality of life, the ultimate goal of the Smart Cities movement.
Keywords: solar potential; photovoltaic; smart city; public space; GIS
1. Introduction
Green policies aim to decarbonize the energy supply. Recognizing cities’ importance in mitigating
future energy and CO2 emissions growth, the European Council has included in the 2030 climate
and energy framework targets for increasing the use of renewable energies to at least 27% of energy
consumption [1]. Additionally, and to assist cities and human settlements in achieving a better and
more sustainable future, the United Nations’ 2030 Agenda for Sustainable Development defined
17 goals for the coming years. Among these, two Sustainable Development Goals (SDG) aim to promote
energy efficiency through renewable sources and to support sustainable urbanization. These are
SDG7—affordable and clean energy—and SDG11—sustainable cities and communities [2].
Solar technologies have evolved and are now commonly applied in the urban environment.
Typical applications include electricity (photovoltaic—PV) and heat energy for residential use. However,
other applications can also use PV technology. These include street lighting, charging stations for
mobile devices or e-bikes, informative multimedia stands, carports, road signs and many others.
In these PV-based urban applications, no external electrical power supply is needed, so there is no
cabling or trenching required, thus keeping installation costs low and providing environmentally
friendly energy with zero carbon emissions. It also means that there is minimal disturbance to paved
surfaces in the city, making it possible to provide electricity in previously inaccessible areas or where
the cost of providing grid-supply electricity is too high.
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1.1. Photovoltaic-Based Urban Applications: Solar Bus Shelters
Bus shelters are public transport infrastructures that, through innovative solar-based applications,
can deliver better services and contribute to increasing the citizens’ quality of life, the goal of the smart
city model. Today, bus shelters are public places that are designed to afford some protection from the
wind, rain or sun while waiting for the bus. However, their function as public places can also be extended
to an all-new range of PV-based services such as Wi-Fi access, digital touch-screens (with breaking
news, meteorology, timetables or real-time traffic information), recharging stations for mobile devices,
digital signage, advertisement LCD monitors, security cameras and, for visually impaired people,
tactile labels indicating the lines that stop at the shelter as well as voice announcement systems.
Improving lighting is also an opportunity, since good lighting allows travelers to feel safe when
they arrive on a platform [3]. Most shelter lighting is connected to the electrical grid, usually the same
grid that powers street lighting. Nevertheless, solar-powered lighting, generally provided by LEDs,
can be installed on those shelters with adequate sunlight.
Several cities have already invested in solar bus shelters, offering lighting solutions, providing
services to help the citizens and the tourists, or allowing for mobile charging while waiting for the next
bus (Table 1).
Table 1. Cities with pilot solar-powered bus shelters.
City, Country PV-Based Solutions Reference
Vancouver, Canada Lighting [4]
Tucson, USA Lighting [5]
Seattle, USA Lighting [5]
London, England Lighting and informative displays [6]
Paris, France Informative displays [7]
San Francisco, USA Lighting and informative displays [8]
Singapore, China Mobile charge [9]
1.2. State of the Art
Not all locations in the city are suitable for solar panels. Thus, decision-makers and planners
must decide where to promote PV-based urban solutions using realistic scenarios based on local
potential [10]. There is already a significant amount of literature addressing the solar potential of
building rooftops and facades [11]. However, the estimation of the PV potential of non-conventional
urban surfaces is a novel field of investigation. The authors in [12,13] analyzed the solar potential of
streets for intelligent urban furniture and services that require powering. The proposed methodology
could measure the solar energy exposure of a flat surface at any height above the street level within the
unoccupied volume of an urban environment. The method was used by [14] to evaluate the viability
of installing solar street lights. The results obtained for a Lisbon neighborhood showed that 50% of the
existing street lights could be powered by solar panels.
The authors in [15] performed a feasibility analysis, using solar irradiation maps, to identify
suitable areas in Turin, Italy, for the installation of PV modules on top of public transport shelters.
The tested prototype, designed to offer a Wi-Fi connection, two USB chargers and an air pollution
control system, could be implemented in 43% of the available locations, according to a minimum cover
of the electrical load.
The authors in [16] suggested a GIS-based model for locating PV charging stations in
Beijing, China. Several evaluation criteria for the location of PV charging stations were tested:
natural (including solar radiation), economic, technical and social factors. The results show that social
factors and future expandable potential are more significant when planning the PV layout.
In this work, we take one step forward by addressing the solar potential of common urban
structures in the public space, considering other criteria rather than solely the solar potential. Using bus
shelters as a case study, a framework is proposed to match the best solar production sites with the
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local energy demand. This is done by (1) evaluating the solar potential of all bus shelters within
a city, according to geographical and technical criteria, and then (2) selecting the best locations for
implementation according to social criteria (e.g., tourist and commuter use) as a proxy for local energy
demand. This framework can be applied to any PV-based urban solution in the public space, from street
lighting to charging stations for mobile devices or e-bikes, or to informative multimedia stands.
The remainder of the article is organized as follows. In the next section, Section 2, the study area,
the materials and the methodology for assessing a city’s potential for PV-based urban applications are
presented. Section 3 outlines how the methodology was tested in Lisbon, Portugal, and the results are
discussed; the city’s potential for solar bus shelters is evaluated according to geographical, technical and
social criteria and presented in a set of alternative planning scenarios. In the final part of the article,
Section 4, conclusions are drawn based on the achievements and limitations of the proposed approach,
and directions for future research are pointed out.
2. Materials and Methods
2.1. Study Area and Dataset
The methodology presented applies to any city. To demonstrate its implementation, Lisbon,
capital of Portugal (Figure 1), was selected. Located on the Atlantic coast of Portugal, the city has
an average of 8 h of sunshine per day, one of Europe’s capital cities with the highest solar insolation.
Lisbon’s metropolitan area has 2.8 million inhabitants, 550,000 of whom inhabit the city (2011 national
census). However, the number of city users almost doubles due to commuting movements.
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i re 1. t r , is , rt al (a), an the city’s land use land cover ap (b).
The city is serv d by a wide public transportation network. The bus network in 2016 was
composed of a fleet of 758 buses covering 88 r utes and served 140.6 million passe gers [17]. Daily bus
services are used by residents, workers, students, city visitors and t rists. Nevertheless, and in line
with other cities, the number of passengers has been declining. In 2009, a series of surveys were
conducted by the bus service operator to identify some of the causes of the shift from public transport
to private cars. One of the reasons pointed out was that the bus was perceived as being an outdated
and old-fashioned form of transport. Based on these findings, several measures were implemented to
improve its image, from renewing part of the fleet to offering free Wi-Fi internet on two routes.
For studying the PV potential of the bus shelters in Lisbon, three main data sources were used:
(1) an ortho-photo (with a 50 cm spatial resolution) for characterizing the urban context; (2) a point
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shapefile with the locations of the 1880 bus stops (with and without shelters), available at the city
hall; and 3) a Digital Surface Model (DSM) obtained from a Light Detection And Ranging (LiDAR)
flight mission over Lisbon in 2006 to model the sun radiation available at each location in the city
(Figure 2). From the original LiDAR point cloud (with a density of 1–2 points per m2), a surface image
was produced based on the second return, with a 1 m resolution, representing the DSM of the city.
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For studying the social demand for bus shelters, two types of users were selected: tourists and daily
commuters. The users’ preferred locations were used as a proxy for local energy demand. These were
obtained from a dataset including sightseeing bus tours collected from local tourist companies,
and open geographic data from Lisbon City Council, including tourist attractions, schools, health care
facilities and metro and train stations.
2.2. Bus Shelter Photovoltaic Potential
The assessment of the city’s potential for PV-based urban applications in the public space is
based on a two-stage methodology. Firstly, a map of the solar resource is derived at the city level,
and secondly, the best bus shelter locations for PV-based applications are identified (Figure 3).
The results are then presented as spatial planning scenarios.
2.2.1. Assessing the City’s Solar Potential
The availability of solar radiation is affected by the time of the day and season, the atmospheric
conditions, the latitude and the local topography. Several solar spatial databases are available for
Europe, including Meteonorm (https://meteonorm.com/), S@tel-Light (http://www.satel-light.com/),
NASA POWER (https://power.larc.nasa.gov/), SOLEMI (https://www.dlr.de/) and PVGIS (https://re.jrc.
ec.europa.eu/). The data provided are intended for continental/national analysis. However, for regional
and local scale analysis, while the periodicity of the measurement (i.e., time resolution) provides good
accuracy (ranging from 30 min to hourly, daily and monthly averages), the spatial detail does not.
For large spatial and temporal scales, computing radiation and accounting for obstructions to sunlight
can only be performed using computational modeling of the physical context [18]. In these situations,
solar availability is usually modeled in a Geographic Information System (GIS) environment [19],
generally through a Digital Surface Model (DSM) derived from LiDAR data. The level of detail is
essential in the urban analysis, since the incident solar radiation varies along the surface (1) due to the
presence of buildings with distinct morphologies, (2) on an hourly basis and (3) on a seasonal basis
due to sun-path movements. For a list of existing solar mapping tools, see [18]. In a state-of-the-art
review performed by [18], 12 numerical models out of 21 were identified as suitable for urban spaces.
From this set, ArcGIS Solar Analyst [20] and GRASS GIS r.sun [21] have been widely applied.
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In this work, the solar radiatio is modeled for the whole city surface, using ArcGIS’ Solar
Analyst (Esri), following the work of [10,22]. This model requires as input the city’s DSM and local
climatological parameters such as transmissivity and diffuse radiation fractions, compiled by [23,24].
The Area Solar Radiation Tool—available in Solar Analyst—calculates, for each location (pixel) on
the surface, the direct radiation and the global radiation (direct and diffuse portions). In the present
work, the worst solar scenario was investigated by selecting the 21st of December, the winter solstice.
Then, by taking into account the site’s latitude and elevation, the local aspect, the shifts in the Sun’s
angle and the shadows cast by surrounding features (like buildings or trees), the model produces a
map of the solar irradiati n (direct + diffuse fracti ns) at each location, for the shortest day of the year.
Alth ugh the project’s focus is the public space, in this initi l task, all elements above ground
must be con idered, mainly buildings, since they ffect the access to sunlight in the surrounding areas,
a key facto when sizing PV systems.
2.2.2. Modeling the Solar Bus Shelters’ Photovoltaic Potential
After modeling the solar resource at the city’s surface, the next step is to identify the best bus
shelters located in the public space (Figure 3):
• The first assumption made is that to be considered for PV potential analysis, a bus shelter must
not be under any type of vegetation (e.g., trees) [25] or urban structures, such as bridges or
balconies. The analysis begins with the examination of the point shapefile with all the bus stops
available in the city (raw data). The goal is to eliminate all locations under trees. For this task,
a Very-High-Resolution (VHR) image is used. Through an obje t-oriented classification, a map
with the tree cove age of the city is produced and used to determine each shelter’s uitability,
follo ing methodology proposed by [26]. The locations that are away from t ees are then
subject to visual identification based on Google Street View inf rmation. The aim is to produce
a polygon layer with the eligible bus shelters (i.e., locations away from trees and wit shelters).
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This layer already has the dimensions of each shelter, a key element when performing PV system
design and sizing.
• After modeling the solar resource and mapping the suitable bus shelters, the amount of energy
that reaches each bus shelter is quantified through an overlay analysis.
• The methodology continues with the assessment of the technical potential of the shelters with
the best geographic conditions. To select the shelters with higher irradiation, and consequently
less shadowing, the Direct Irradiance Fraction (DIF) is proposed. This quality factor is used to
describe the amount of insolation that an array will capture (as a percentage), relative to what an
optimally oriented, unshaded array would capture in the same location. Therefore, the DIF is
calculated for each bus shelter, and only those having a value higher than 70% are found to meet
the geographic criteria making them suitable for a PV panel. Note that this threshold is adjustable
upon financial analysis. In fact, according to the PV installation cost, the value can be more or less
restrictive. The result is a layer with the location of shelters with higher solar radiation in the city.
Applying the PV efficiency, the energy produced at each bus shelter is calculated. The final output
is the map with the best production sites according to geographical and technical criteria, i.e.,
the city’s solar bus shelters.
The PV potential of each solar bus shelter is then compared with the energy required by some
typified applications:
• Level 1 applications require less energy and include remote small-scale sensors. Based on the
concept of the Internet of Things (IoT), such sensors can deliver public information or gather
data about the frequency of commuters in a shelter at a certain time, increasing the quality of the
bus service.
• Level 2 includes non-refrigerated vending machines or LCDs up to 20′. These amenities can
provide personal hygiene items or real-time information on a digital screen.
• Level 3 applications include larger digital displays and ticket machines.
• Level 4 includes the most energy-demanding applications like refrigerated vending machines that
offer commuters hot or cold drinks, snacks or food.
• Additionally, the illumination capacity of each shelter is investigated.
All these applications constitute added value initiatives that can improve the quality of the public
space and the services offered to the users.
2.2.3. Spatial Planning Scenarios
To support PV planning, two target audiences for the solar bus shelters are evaluated: regular and
irregular commuters (e.g., tourists). Profiling these two groups implies identifying their preferred bus
locations, i.e., a proxy for those places where the local energy consumption can occur. The bus shelters
that are generally used more by tourists are in the vicinity of the city’s tourist attractions and are also
served by sightseeing bus tours. On the other hand, the daily commuters use the bus to attend school
or health care facilities or to reach metro or train stations (usually near services or commercial areas).
Following a multi-criteria approach, three spatial planning scenarios—tourists, commuters,
and tourists and commuters—are presented.
3. Results and Discussion
3.1. The City’s Solar Bus Shelters
To obtain the location of the bus shelters eligible for PV installation, the shapefile with the bus
stops available in the city had to be analyzed and refined. Of the 1880 available locations, 1558 were
identified as having a shelter. Of these, 369 were eliminated due to the presence of trees compromising
the available radiation (Figure 4).
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The solar resource of each bus shelter was determined by using the Direct Irradiance Fraction (DIF).
To characterize the shadowing effect, the local Direct Radiation value was compared with the maximum
Direct Radiation value found at the 1132 bus shelters (1.198 kWh/m2/day), i.e., the value of a pixel that
did not suffer any shading. The central point of each shelter was used as a proxy for the shelters’ area
potential. Other metrics were tested, such as the maximum radiation in the shelter’s area, the mean or
the mode values. However, problems arose due to the misalignment between the raster file with the
radiation information and the polygons obtained from the visual identification of shelters over the
ortho-photo (Figure 6). This is a common problem when detailed vector and VHR raster datasets are
compared (e.g., [27]).
The high insolation bus shelters in Lisbon were selected based on a threshold of DIF > 70%
(Figure 7). The results showed that 612 shelters out of 1132 (54%) received the required energy,
making them suitable for PV panel installation (Figure 8). These are the city’s solar bus shelters.
For the selected high insolation shelters, the PV potential was assessed by considering the bus
shelter area, the Global Radiation that reaches each shelter, and a system energy conversion efficiency
of 10%. The PV module efficiency, battery charger efficiency and battery charging efficiency are
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dependent on the manufacturers, system configuration and also operating conditions. The values
provided are conservative, at the lower end of the spectrum: the PV system power conversion efficiency
was 13% [28], and the battery charger system efficiency was 80% [29]. The chosen values indicate the
expected minimum energy that could be generated and stored. These are easily altered for specific
system configurations.
The results indicated that all the shelters produced more than 0.7 kWh/day but fewer (63) produced
1.8 kWh/day or more. In this set, eight shelters presented very high PV potential (>100 kWh/day)
due to their large dimensions (e.g., interface stations).Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 17 
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The PV pot ntial was then compared wit the energy required by some typified applications
(Table 2).
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Table 2. Solar bus shelters suitable for PV-typified applications.
Application Example Power (kW) Daily EnergyRequired (kWh/day) Bus Shelters
L1: Remote small-scale sensors <0.01 <0.24 612 100%
L2: Non-refrigerated vending machine
L2: Small-scale info display up to 20” 0.01 < P < 0.05 0.24 < E < 1.2 430 70%
L3: Small-scale info display up to 20 to 40”
L3: Ticket machine 0.05 < P < 0.1 1.2 < E < 2.4 159 26%
L4: Refrigerated vending machine 0.1 < P < 0.5 2.4 < E < 12 23 4%
The solar bus shelters were rated based on local energy production and the possibility of receiving
the mentioned applications. Every shelter could accommodate a remote small-scale sensor, but fewer
would be suitable for a small info display to deliver pertinent information, and even fewer would
be suitable for a ticket vending machine. Higher-energy-consumption applications, such as coffee
vending machines, were only possible in 23 shelters. Among these, only eight shelters, due to their
large dimensions, would be suitable for more demanding applications. The solar bus shelters were
then mapped according to the level of energy required for each application (Figure 9).
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Furthermore, the illumination capability was also investigated, considering the required energy
density (i.e., kWh/m2/day) necessary to feed LED lamps, functioning 16 h in a day (winter conditions)
(Figure 10). We can conclude that all the solar bus shelters would be suitable for up to 7 W/m2 LED
lamps, but only 40% would be suitable for 10 W/m2 LED lamps. Higher-energy-consumption LED
lamps would not be possible to install.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 17 
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energy requirements.
3.2. Spatial Planning Scenarios
The 612 solar bus shelters were further investigated according to social criteria (tourists and daily
commuters). There are no data on the number of users at each stop, so proxies were used to describe
this phenomenon. Proximity analysis was applied to select the bus shelters according to their estimated
use. Generally, in the public transit industry, buffers at 400 m around bus stops and 800 m around rail
stations are commonly used to identify the areas from which most transit users will access the system
by foot [30].
To characterize the tourist use, all the high insolation shelters that served sightseeing tours or
that were within 800 m of monuments, museums and viewpoints were identified. For characterizing
the commuter use, the bus shelters within 400 m of schools (basic, secondary and high), health care
facilities ( ospitals and edical centers), and metro and train stations wer selected. The r tionale
was that to rists are more willing to walk longer distances than daily commuters. For eac cat gory,
the georeferenced information available at the city hall was used.
According to the proximity analysis of the 612 solar bus shelters, 551 are within the proxy distance,
detailed above. From this, 374 are used by tourists and 510, by the city’s commuters. Among these,
333 served both tourists and city commuters (Table 3) (Figure 11).




Users of Solar Bus Shelters
Tourists Commuters To rists and Commuters
400–800 m 551 374 510 333
>800 m 61 0 0 0
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applications, three planning scenarios were produced (Table 4). As anticipated, eing higher in number,
the bus shelters used by commuters would be suitable for ore PV applications and more lighting
power than those used by tourists. Nevertheless, half of the locations (308) served both uses and
could offer small-scale info displays, ticket achines or refrigerated vending machines, and 21% (128)
could be equipped with 10 W/m2 LED lamps.
Table 4. Solar bus shelters scenarios based on the PV capability and the estimated use.
Users of Solar Bus Shelters
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The tourist use pattern follows the cultural attraction sites, being more concentrated on the
riverside, while the daily use is dispersed throughout the city (Figure 12).
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The results indicate that 612 bus shelters have the pote ti l t is constitutes an
opportunity for providing a better experience to co t r t i t il i proving the quality
of the public space. Furthermore, through renovation, Solar bus shelters can create valu for businesses
and public tra sport providers.
4. Concluding Remarks
The purpose of t is as to analyze the potential of str ctures in the publi space for
low-carbo innovativ technological solutions while contributing to meeting local sustainable energy
targets. The reno atio of bus shelters with solar-based applications is presented as a case study.
Bus stops’ large protective panels provide ideal spaces for the application of solar cells. For low energy
consumption applications, the bus shelter ay not consu e uch energy, and so the excess energy
could be fed into the electricity grid, if such a connection is economically viable. Shelters can also
house a variety of amenities for travelers that can improve satisfaction with wait times, improve safety
perceptions and provide valuable system utilization information. Outside of buses, bus stops are the
most visible representation of the public transport system.
Two situations favored the choice of these structures. On the one hand, bus shelters are spread
across the urban area and serve thousands of passengers every day. Consequently, their renovation has
a great impact on the quality of the public space around them. On the other hand, good bus shelters
are an essential part of the public transport system. Their modernization through the provision of
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innovative services is a way of improving the users’ perception of public transport, thus promoting
sustainable and smart mobility.
The bus shelters were assessed in terms of local electricity production capabilities and local
electricity demand potential. The methodology used, as input data, a Very-High-Resolution image
and a detailed Digital Surface Model. All the shelters were evaluated in a GIS environment, based on
geographical, technical and social criteria. The result was the determination of the city’s potential to
implement solar bus shelters. Using Lisbon as a case study, the results show that 612 shelters out of
1132 (54%) receive the required solar radiation to install PV panels. These results are in line with those
presented by [15].
We also investigated which PV-based applications could be installed in these solar bus
shelters, according to their PV-generation capacity. Four typified applications were analyzed,
from lower-energy-demanding applications (such as remote small-scale sensors or small-scale info
displays) to higher-energy-demanding ones (such as refrigerated vending machines). While every
shelter would be suitable for remote small-scale sensors, all the other applications were only possible
in fewer shelters, and the top-level applications were only possible in those shelters with higher
dimensions, usually present at interface stations. The possibility of having lighting was also tested,
and the results indicate that all the PV shelters would be suitable for up to 7 W/m2 LED lamps but only
40% would be suitable for 10 W LED lamps. Higher-energy-consumption LED lamps would not be
possible to install. Future studies shall verify these results obtained from geographic modeling against
measured data.
The results are presented in planning scenarios. These show where and what PV-based applications
can be implemented and serve as a demonstration of the usefulness of the proposed methodology to
planners and energy advisers. Such knowledge about the city’s potential for PV-based applications
can be used to improve urban development plans, to integrate solar energy into new regulations or to
support and orient incentive policy design towards the use of more efficient sites or neighborhoods
within the city.
The planning scenarios were based on target audiences—tourists and daily commuters. Since no
data about the average daily boarding or passenger transfer activity were available, proximity analysis
was used as a proxy to characterize the local electricity demand. For this analysis, we applied buffer
distances around each bus stop to identify the areas of influence. In future work, this step can be
improved by using distances calculated on the street network. The inexistence of such data also
compromised the evaluation of the local seasonal demand, namely regarding tourist activity. Detailed
data would improve the analysis.
We found that many of the features available through solar bus shelters, including Wi-Fi
connectivity, information displays and ambient data collection through integrated sensors, are also
being applied to a range of other smart infrastructure and services (e.g., [31,32]). Consequently,
bus shelters are not the only piece of everyday urban infrastructure that can be made “smarter”.
Future work will include testing other solutions oriented towards improving urban sustainability
using renewable energy and considering the public space, the citizens and the environmental benefits.
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